A quenchable superhard high-pressure carbon phase was synthesized by cold compression of carbon nanotubes. Carbon nanotubes were placed in a diamond anvil cell, and x-ray diffraction measurements were conducted to pressures of Ϸ100 GPa. A hexagonal carbon phase was formed at Ϸ75 GPa and preserved at room conditions. X-ray and transmission electron microscopy electron diffraction, as well as Raman spectroscopy at ambient conditions, explicitly indicate that this phase is a sp 3 -rich hexagonal carbon polymorph, rather than hexagonal diamond. The cell parameters were refined to a 0 ‫؍‬ 2.496(4) Å, c0 ‫؍‬ 4.123(8) Å, and V0 ‫؍‬ 22.24(7) Å 3 . There is a significant ratio of defects in this nonhomogeneous sample that contains regions with different stacking faults. In addition to the possibly existing amorphous carbon, an average density was estimated to be 3.6 ؎ 0.2 g͞cm 3 , which is at least compatible to that of diamond (3.52 g͞cm 3 ). The bulk modulus was determined to be 447 GPa at fixed Kϵ4, slightly greater than the reported value for diamond of Ϸ440 -442 GPa. An indented mark, along with radial cracks on the diamond anvils, demonstrates that this hexagonal carbon is a superhard material, at least comparable in hardness to cubic diamond.
T he flexibility of carbon to form sp-, sp 2 -, and sp 3 -hybridized bonds results in numerous phases such as graphite, polymericfullerences, nanotubes, and cubic and hexagonal diamonds (1) . The carbon polymorphs, other than hexagonal and cubic diamond, have been observed to transform to an unquenchable high-pressure phase under cold compression (1) (2) (3) (4) . The phase can be brought to room pressure if the temperature is kept Ͻ100 K, but it reverses when the temperature is raised back to room conditions (1) . It has been assumed that this high-pressure phase either exhibits a hexagonal structure or it is amorphous. With in situ heating under pressure, this carbon phase transforms to cubic diamond (2, 3, 5) . Numerous studies have been performed to accurately explore its structural characteristics, but the question remains as to whether this phase is a newly discovered hexagonal carbon or the previously known hexagonal diamond. Unfortunately, characterizing the hexagonal phase as hexagonal diamond has been based only on the extrapolation of the high-pressure data from the hexagonal phase to room conditions, and comparing the extrapolated data to that observed in natural hexagonal diamond, lonsdaleite, from a meteorite (2, 3) . Hexagonal diamond should exhibit a distinctive Raman active mode at Ϸ1,310 cm Ϫ1 (6, 7), but no investigation has been performed on synthesized samples that combines both x-ray diffraction and Raman spectroscopy to show whether the hexagonal carbon is, in fact, hexagonal diamond or not.
Most recently, a carbon phase that is intermediate between graphite and cubic diamond was observed at a pressure of 20 GPa by using graphite powder as starting material that is capable of indenting diamond (8) . Synchrotron x-ray inelastic scattering revealed that half of the -bonds between the carbon sheets in graphite appear to transform to -bonds, and therefore, the intermediate phase could not be hexagonal diamond. It was concluded that the intermediate phase is a distinct phase of carbon. X-ray diffraction was not of sufficient quality to provide a precise structural determination; however, pressure-induced peak splitting suggests that the observed intermediate phase exhibits either orthorhombic or monoclinic symmetry. The intermediate phase is not quenchable and reverses to graphite, so it has only low potential for industrial application.
In this article, we describe the synthesis of a quenchable high-pressure hexagonal carbon phase formed by the cold compression of carbon nanotubes. An obvious indentation-induced mark displaying linear radial cracks on the diamond anvils, similar to that made in general hardness measurements, unambiguously demonstrates that the observed phase has a hardness at least comparable to that of cubic diamond. Moreover, we provide x-ray and high-resolution transmission electron microscopy (TEM) along with electron diffraction and Raman spectroscopic data that clearly confirm that this phase is a hexagonal carbon polymorph and not hexagonal diamond. Because this phase can be quenched to room conditions, it also cannot be the intermediate phase.
The carbon nanotubes used in this study have tube diameters ranging from 1.8 to 5.1 nm, as shown in high-resolution TEM images ( Fig. 1 A and AЈ) . High-pressure x-ray diffraction measurements were performed at room temperature by using a gasketed high-pressure diamond anvil cell (9) . A mixture of Ϸ96% carbon nanotube and Ϸ4% platinum without pressure medium was placed in a T301 steel gasket hole, 70 m in initial thickness and 80 m in diameter. Platinum served as a pressure calibrant. Energy-dispersive synchrotron radiation at the Cornell High Energy Synchrotron Source was used for x-ray diffraction measurements. Energy calibrations used the well known radiation sources (   55   Fe and   133 Ba), and angle calibrations at 2 ϭ 11°w ere made from the six peaks of standard Au powder. Powder x-ray diffraction patterns were collected at pressures to Ϸ100 GPa for refinement of cell parameters and determination of the newly formed phase. Raman spectroscopy and TEM electron diffraction were also used to check the structural characteristics of the starting and recovered samples.
The x-ray diffraction pattern collected at ambient conditions at the beginning of the experiment exhibits quite broad peaks (Fig. 2) , which are typical for the nano-sized particles of carbon nanotubes. On elevation of pressure, combination of the sizeand strain-induced effects led to an obvious further broadening of the observed x-ray diffraction peaks. Above 60 GPa, the diffraction peaks from the sample became indistinguishable from each other. It is noticeable that, below 60 GPa, the diffraction peaks display a significant shift to higher energy, implying that carbon nanotube has high compressibility. Above 75 GPa, the diffraction peaks of carbon nanotubes were no longer observable, but a slight rotation of the pressure-lever screw resulted in a remarkable jump in pressure. We suggest that, at 75 GPa, a denser phase with greater incompressibility started to form. Upon release of pressure, we observed several peaks that differed from those observed in the unquenchable hexagonal carbon formed from graphite by cold compression at Ϸ20 GPa (3). At zero pressure, after removing the sample from the diamond anvil cell, a high-quality x-ray diffraction pattern was obtained (Fig. 2) . The pattern was indexed with hexagonal symmetry (Table 1) , and cell parameters were refined to a 0 ϭ 2.496(4) Å, c 0 ϭ 4.123(8) Å, and V 0 ϭ 22.24(7) Å 3 . This cell volume is somewhat smaller than those observed for hexagonal diamond or extrapolated from hexagonal carbon (2, 3). Correlating particle size with the observed intensity ratio of the two observed Raman peaks {grain size (nm) ϭ 100͞[22.9 * (I D ͞I G )]} (e.g., Raman modes D and G in Fig. 3 ) (4), we estimated that the particle size of recovered sample is Ϸ5.2 nm. Nanosize-induced contraction (9) may slightly affect the cell volume and structure, but it is unlikely to result in such a remarkable volumetric change. Under uniaxial compression, the carbon nanotubes quickly developed strong preferred orientation with the c-axis parallel to the diamond anvil cell axis (10), which correspondingly led to a significant decrease in the intensity of the (002) peak and increase in the intensity of the (100) peak of carbon nanotube (3). As for the recovered hexagonal carbon, we observed that the corresponding (002) plane displayed the greatest intensity among all observed diffraction peaks. Thus, we conclude that the c-axis of the hexagonal carbon was genetically transformed from the c-axis of the carbon nanotube. This finding is not consistent with observations from previous studies from the unquenchable hexagonal carbon formed from graphite by cold compression (2, 3). Based on the peak reflections and extinction rules for (00l) and (h0l) and (hhl) in which l ϭ 2n, the structural symmetry of the carbon phase can be restricted to three possible space groups: P6 3 mc (no. 186), P6 2c (no. 190), and P6 3 ͞mmc (no. 194). The graphite with the symmetry group of P6 3 ͞mmc (no. 194) also allows one to exclude this space group. Although hexagonal diamond was previously indexed to P6 3 ͞ mmc (no. 194) (2), we used the reported data (2) and gave the space group of hexagonal diamond as P6 3 mc (no. 186), not P6 3 ͞mmc (no. 194). Moreover, in space group 186, the (100) peak should be stronger than the (002) peak. This notion is consistent with the reported x-ray diffraction patterns (2, 3), but different from our x-ray diffraction data. Thus, the space group of P6 3 mc (no. 186) can further be excluded from our Raman data and x-ray diffraction pattern (Fig. 2) . Therefore, the space group of P6 2c (no. 190) is the one that best fits the diffraction data. The cell parameters of the hexagonal carbon polymorph are calculated to be a 0 ϭ 2.496(4) Å, c0 ϭ 4.123(8) Å, and V0 ϭ 22.24(7) Å 3 . Because the peak of H(101) is overlapping with the peak of Pt(200), the corresponding energy value can not be accurately obtained, so we did not use this peak in our calculation.
Electron diffraction has also strongly confirmed the highpressure hexagonal carbon polymorph observed from x-ray diffraction investigation (Figs. 1 and 2 ). High-resolution TEM images further revealed that pressure induced morphological variation of carbon nanotubes. The starting materials exhibited the assembled nanotube bundles (Fig. 1 A) , which have a wall d-spacing of 0.34 nm, corresponding to the d-spacing of the graphite carbon sheets indexed as the diffraction plane (002) (e.g., Fig. 1 AЈ) . The recovered hexagonal carbon polymorph displayed compacted and crushed powder characteristics (Fig. 1B) , but typical nanotube characteristics still remained in small areas (e.g., Fig. 1BЈ ), close to the edge of the sample. A possible explanation may be that there is a large pressure gradient across the diamond anvil cell, and sample edges, near the gasket, were never subjected to the same high pressures as the center of the cell. However, the pressure near the gasket was still Ͼ70 GPa. Thus, we suggest that, even though a carbon nanotube has very low incompressibility, its strength can still keep its original nature without crushing the tube at least to a pressure of Ϸ70 GPa (i.e., transition pressure). The electron diffraction pattern of this material is a direct and convincing indication of a hexagonal symmetry (Fig. 1C) , different from the original hexagonal nanotube structure in which the strongest diffraction peak at d ϭ 0.34 nm would be observed. The diffraction line at d ϭ 0.21 nm is highly irregular and corresponds to the peaks of (100) and (002) with the d-spacings of 0.216 and 0.205 nm, respectively ( Table 1 ). The cell parameters were calculated to be a 0 ϭ 0.24 nm and c 0 ϭ 0.43 nm, reasonably consistent with those determined from the high-resolution synchrotron x-ray diffraction pattern (Table 1 and Fig. 2) . A filtered high-resolution TEM image clearly shows the imperfect lattice fringes with a distance of 0.21 nm and the hexagonal structural characteristics of the high-pressure hexagonal carbon polymorph (Fig. 1D) . Such a short interlayer distance of 0.21 nm is very close to the self-compression c-layer interdistance of 0.22 nm observed in the center of the irradiationinduced carbon onion (11) . It is very interesting that the center part of the onion with the c-layer interdistance Ͻ0.22 nm transforms to diamond at heating above 600°C (11) . Thus, this may imply that such a formed hexagonal carbon is the significant step for the transformation of graphite to diamond. The density was calculated to be 3.65 g͞cm 3 . This carbon phase has a reduced carbon layer distance of 0.21 nm, which is significantly shorter than that of graphite (0.34 nm), but within the carbon sheets; the COC bond length of 0.143 nm is close to that in graphite (0.141 nm). Moreover, the formed strong bonds in the carbon phase replace the weak van der Waals forces between carbon sheets of graphite and further result in the appearance of the higher coordination number (e.g., Ϸ5-9) relative to 3 of graphite. Thus, the variation of both bond length and coordination number could lead to a higher density at least locally in the phase. However, there exists a significant ratio of defects and the nonhomogeneous structure that contains different regions with different stacking faults. In addition to the possibly amorphous carbon on the grain boundary, a reduced density of 3.6 Ϯ 0.2 g͞cm 3 is reasonably estimated to represent its average density. Thermodynamics dictates that a high-pressure phase be denser than the low-pressure polymorph; the carbon phase clearly has a density slightly higher or at least the same as diamond (3.52 g͞cm 3 ). A high-pressure hexagonal phase of carbon has been observed in cold compression of bulk and nanocrystalline graphite (1-4) but has never been preserved at room conditions. However, it is still uncertain whether this phase is really the so-called hexagonal diamond, since no convincing Raman spectrum was collected in situ to demonstrate the appearance of the sp 3 vibrational mode at Ϸ1,310 cm
Ϫ1
, a characteristic signature of hexagonal diamond (6, 7) . So far, x-ray diffraction data suggest the existence of the so-called hexagonal diamond (2, 4), but Raman spectroscopic studies performed at similar experimental conditions indicate that the observed hexagonal form is a high-pressure polymorph of carbon (1, 8, 12) . Unfortunately, no experiment has combined Raman and x-ray diffraction, so it is impossible to determine whether there is agreement between the previous observations. Since hexagonal diamond obtained by in situ heating is assumed to be pressure-quenchable (2, 3, 8) , we must consider whether our hexagonal carbon is, in fact, the hexagonal diamond phase, obtained after having exceeded a critical pressure. We collected ambient condition Raman spectra of various carbon polymorphs, including single-crystal graphite, glassy carbon, starting nanotube, cubic and hexagonal diamond (e.g., induced from cubic diamond by shock impact) (7), and our recovered hexagonal sample (Fig. 3) . The spectra of the recovered sample exhibits two broad peaks centered at 1,581 and 1,355 cm Ϫ1 , respectively, which are characteristics of carbon with a very small particle size (1, 11) . Such spectroscopic characteristics are very similar to those of glassy carbon with a significant ratio of sp 3 ͞sp 2 bonding (13), but remarkably different from those of the starting nanotube, single-crystal graphite, or cubic and hexagonal diamond (7) . The 1,355-cm Ϫ1 peak of glassy carbon is much stronger and sharper than that of the recovered hexagonal phase (1) . It is also clear that our hexagonal form is not hexagonal diamond, since it should only have a single Raman active mode at Ϸ1,310 cm Ϫ1 , representing the occurrence of the sp 3 -hybridized bonds (6, 7, 12) . We therefore conclude that this is an additional highpressure carbon phase. Moreover, based on the similarity between the Raman spectrum of the material and that of amorphous or nanocrystalline carbon with a large fraction of sp 3 state (Ϸ80-95% of sp 3 ), it is suggested that the this phase could have a sp 3 ͞sp 2 ratio of Ϸ90%. The remaining sp 2 carbon possibly exists at intergrain boundaries.
The kinetics required to preserve this phase at room conditions still remains unclear. Since this phase results from compressed bundled carbon nanotubes, one significant consideration may be that the combined effect induced by nanotube bonding topology and nanosize plays a critical role in the structural stability of this hexagonal phase. Another consideration is the maximum pressure subjected on the sample. Previous studies of carbon nanotubes have been performed with various techniques to a pressure of 62 GPa (14) (15) (16) (17) . Although discontinuities in electrical conductivity and vibrational modes have been observed, the similar hardness and bulk modulus of this phase to graphite indicates that no significant structural change took place before 62 GPa (14, 15) . Moreover, experiments that observed the unquenchable hexagonal carbon phases were performed only Ͻ65 GPa (1, 3, 4, 8, 12) . In our study, we observed a significant change in compressibility and a disappearance of diffraction peaks at 75 GPa, which we interpret as indicative of a transformation. Thus, it may be that the sample must be exposed to a critical pressure of at least 75 GPa.
A Birch-Murnaghan equation of state was used to fit the pressure-volume data in this study to 25 GPa, giving a bulk modulus of K ϭ 447 GPa with KЈϵ4 (Fig. 4) . The broadening of the diffraction peaks Ͼ25 GPa precluded refining reliable cell parameters above this pressure. Our bulk modulus was slightly greater than the observed hexagonal diamond where K ϭ 425 GPa (2, 3) . These two studies used incident x-ray beam from different directions, which may result in a slight difference between the two studies. In our study, the x-ray beam was parallel to the compression, which may overestimate the bulk modulus. In previous study, the x-ray beam was vertical to the compression, and the resulting data are close to that obtained at hydrostatic conditions. Because the data were collected only Ͻ25 GPa, the error was estimated to be 7%. Therefore, hexagonal carbon appears to be compatible with diamond (K ϭ Ϸ440-442 GPa) (18) . However, the bulk modulus does not have a significant correlation to the hardness of materials, and instead, the enhancement of shear modulus results in the increase of hardness (18) . As shown in Fig. 5 , the hexagonal carbon made a noticeable indentation mark with a crack size of 25 m, along with several radial linear cracks. These features are similar to indentation-induced crack phenomena found in hardness measurements. Indentation-induced cracks typically take place only when the indented force on the top of the indentator is close to or higher than the hardness of the indented materials. Diamond typically displays a hardness of 80-100 GPa. The diamond in this study was a defect-free single crystal that should have a hardness close to 100 GPa, so the observed crack features at 100 GPa are reasonably understood. Moreover, such an indented characteristic is the same as that obtained by nanocrystalline diamond. Since the nanosize-induced effects can result in a significant increase of hardness and elastic modulus (9, 18) , it is accepted that the nanocrystalline diamond has a hardness higher than conventional single crystal diamond. It is noted that recent annealed chemical vapor deposition single crystal diamond has a significantly higher hardness than standard diamond (19) . With its density being at least compatible with diamond, we conclude that the hexagonal carbon we observed is a superhard material with a hardness in the range of diamond (Ͼ80 GPa). Because this superhard material can be preserved at ambient conditions, technological application in industry is promising.
